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Abstract
We constructed a nitrogen loading budget for the Lake Pontchartrain watershed located north of New Orleans,
Louisiana (U.S.A.). Water quality measurements, discharge estimates, and literature values were used to establish
the annual and seasonal variations in loading rates for total nitrogen and nitrate. The relatively stable annual
loadings (million kg N) are about 10× that of the pre-settlement nitrogen loading, and come from atmosphere
(1.3), the watershed (7.8), pumped urban runoff from New Orleans (1.0), and leakage through the Bonnet Carré
flood control structure (0.5–0.9). Relatively minor additional amounts come from nitrogen fixation in the Lake.
Occasional openings of the Bonnet Carré Spillway (for flood protection) could triple the annual average loading
within 1–2 months. Proposed smaller diversions (for wetland restoration) could raise present N loadings by 50%.
The results of water quality management, flood protection and wetland restoration may thus have conflicting
effects on the Lake’s phytoplankton community, which is primarily nitrogen limited. Lowering the total nitrogen
loading, however, seems quite possible, especially given that the present loadings are almost all reducible through
existing technology, especially sewerage treatment. The analysis demonstrates that the consequences of ecosystem
restoration efforts, continued population growth and flood protection to estuarine nitrogen budgets are intertwined
with each other, have a seasonal component, and are changing as policies evolve.
Introduction
Estuarine plant and animal growth and biomass accu-
mulation is, in general, understood to be strongly in-
fluenced by nitrogen availability, especially dissolved
inorganic nitrogen, but also by inorganic phosphorus
and silicate (Nixon, 1992; Nixon et al., 1996; Hecky
& Kilham, 1988; Howarth, 1988). The increased load-
ing of nutrients to coastal systems is a continuing
and widespread concern (Rosenberg, 1985; Gold-
berg, 1995; Cloern, 1996, 2001) because of the often
multiple undesirable consequences, including noxious
algal blooms, low bottom water oxygen, fisheries
losses (Rosenberg, 1985; Smayda, 1990; Shumway,
1990; Diaz & Rosenberg, 1995) and the loss of
seagrasses (Valiela & Cole, 2002). Understanding nu-
trient loading amounts and changes is, in this context,
both a basic and applied issue for coastal scientists and
managers.
The total amount of nitrogen introduced to coastal
systems will likely increase in the next several dec-
ades, and for several reasons. These reasons include:
both small and large river diversion are suggested to
restore coastal wetlands (Turner & Boyer, 1997), there
will be higher demands for water supplies (Vörös-
marty et al., 2000) which may result in interbasin wa-
ter transfers, population growth continues, and flood
protection will remain an important public policy con-
cern. Water quality improvements will become even
more challenging to implement under these future
conditions. For each nitrogen control option examined
there will be different costs, disruptions, and short
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and long-term goals. A nitrogen budget can be an im-
portant part of these policy discussions because they
comparatively illuminate the various nitrogen sources.
Here we provide an example of a nitrogen budget for
an estuary that demonstrates significant seasonality in
then nitrogen loading rates, offer a comparative way
of scaling the significance of the various sub-budgets,
and suggest that future manipulations of the watershed
for restoration purposes will further complicate efforts
to reduce the total nitrogen budget. These perspect-
ives may be useful to consider when developing water
quality improvements in other estuaries.
We constructed a nitrogen budget for Lake
Pontchartrain, an urban estuary adjacent to New Or-
leans, Louisiana (U.S.A.). Lake Pontchartrain is a
shallow (<4 m) ogliotrophic lake (Fig. 1), whose
salinity is primarily controlled by river flow and
tidal mixing. Experimental and field observations
have demonstrated that nitrogen is a growth-limiting
nutrient for the phytoplankton community in Lake
Pontchartrain (Turner et al., 1999). The 1997 opening
of the Bonnet Carré floodway on the southwest shore
of Lake Pontchartrain alleviated the flood threats to
New Orleans, but also created a massive cyanobac-
terial bloom and lake-wide health advisory warning
against recreational use by the Louisiana Department
of Health and Hospitals (Dortch et al., 1999). Devel-
opment on the north shore of the Lake and control of
urban runoff are additional management issues related
to water quality for the Lake and its the watershed,
as well as a decline in seagrass habitat (Poirrier et
al., 1999). This nitrogen budget was constructed by
developing estimates of various components of the ni-
trogen load to the Lake, and then summarizing them
in a comparative way. Average annual and daily load-
ings are presented and some management options are
discussed. The more distal purpose was to provide
an evaluation of the proportions of various nitrogen
sources within the context of proposed coastal restor-
ation and flood protection, and to identify potential
sources of nitrogen reduction.
Methods
Nitrogen in freshwater enters Lake Pontchartrain (1)
in rivers, (2) as Mississippi River water through the
Bonnet Carré spillway (Fig. 1) as leakage and as direct
flow when it is opened, (3) as pumped urban runoff
from the New Orleans area, (4) from atmospheric de-
position onto the Lake, and (5) from nitrogen fixation
Table 1. The area of the Lake Pontchartrain watershed and major
subdivisions
Basin Size (km2)
A. All of the Lake Pontchartrain watershed 14 400
including lake water surfaces
B. Lake Pontchartrain water surface 1637
C. Lake Pontchartrain watershed minus B 12 763
D. Lake Maurepas water surface 236
E. Lake Pontchartrain watershed minus B and D 12 527
F. Pass Manchac watershed 8404
Table 2. Freshwater yields for various rivers in the Lake
Pontchartrain watershed
Basin size Years of Annual yield
River (km2) record cm m−2
Comite near Olive Branch 375.6 1943–1996 58.3
Comite near Comite 735.6 1945–1996 60.7
Amite near Darlington 1502.2 1951–1996 57.6
Amite at Denham Springs 3315.2 1938–1996 57.6
Tchefuncta near Folsom 95.5 1944–1996 59.4
Tangipahoa at Robert 1673.1 1939–1996 63.2
Tickfaw at Holden 639.7 1941–1996 54.6
Natalbany at Baptist 205.9 1944–1996 52.6
Average ± 1 Std. Dev. 58.6 ± 3.3
in the Lake. The methodology for each estimate is
described below with a brief description of the major
geographical features of the watershed.
Watershed
Runoff acquires nitrogen from a variety of sources
including agricultural, urban and natural vegetation
before it enters the estuary. The approach to estim-
ating this nitrogen load is, in general, to determine
the volume of freshwater flow and the concentration
for all major sources. Not all of the landscape has
streamflow estimates, and there are sometimes sig-
nificant transformations of nitrogen as water moves
downstream. Further, streamflow in this region is very
dependent on rainfall. Water sampling strategies may
not sufficiently characterize water quality in one year,
either. For these reasons, and others, it is desirable
to have gaging stations located as far downstream as
possible and for them to have long-term and numer-
ous water quality records in order to calculate nitrogen
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Figure 1. The major geographical features of the Lake Pontchartrain watershed, including rivers, Lake Maurepas, Lake Pontchartrain, and the
cities of Baton Rouge and New Orleans.
loading from the landscape to the estuary. Accurate
knowledge of loading from the gaged area is neces-
sary to estimate the loading rates for portions of the
basin which are ungaged. We used the area of various
land surfaces whose water enters Lake Pontchartrain
as determined from a detailed geographic data base
of Louisiana watersheds (Sloss, 1971). The major
watershed subdivisions and their areas are in Table 1.
The water yield for stations with water discharge
records exceeding 45 years was divided by the basin
size to determine the annual yield of water for eight
major basins. The annual water yield averaged 58.6
cm m−2 ± 3.3 (µ ± 1 std. deviation; Table 2),
indicating a rather homogenous hydrological land-
scape. These data were then further divided into yields
for each month for all basins within the watershed,
including the ungaged regions.
Water quality measurements are available from the
Louisiana Department of Environmental Quality for a
minimum of 15 years for four major stations within
the watershed which have a cumulative area equal
to 48% of the total watershed area: Amite River at
Port Vincent, the Tchefuncta River at Covington, the
Tangipahoa River at Robert, and the Tickfaw River
at Springfield. These four stations monitor 83% of
the watershed they are located in. Additional data
are from 1997 to 2000 from Pass Manchac sampling
station which represents 66% of the land and water
area draining directly into Lake Pontchartrain, and
for smaller tributaries. The data on average annual
concentration for each tributary was prorated by area
(including the ungaged portions) to arrive at a total
loading rate for the whole basin. Ninety-five percent
of the Lake Pontchartrain watershed had some water
quality stations that were used to estimate nitrogen
loading, but only 67% of the watershed was mon-
itored with both gaging stations (discharge) and water
sampling programs.
We wanted to investigate whether there might
be significant sources or sinks of nitrogen within
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the ungaged portions of the Lake Maurepas basin.
This basin represents about 66% of the total Lake
Pontchartrain watershed and has extensive areas of
freshwater swamps within 0.5 m of sea level. The
Amite River drains into Lake Maurepas and the water
quality sampling station at Port Vincent is located at
the downstream end of the Amite River and repres-
ents 88% of the Amite River basin area and discharge.
We compared the concentration of nitrate at Pass
Manchac, which drains the Maurepas basin, with the
concentration of nitrate in the Amite River at Port Vin-
cent. The average concentration of total nitrogen at
Pass Manchac was 105% of that at Port Vincent (±1
Std. dev. 0.32 and 0.34, respectively), which led us to
conclude that the average concentration of TN could
be considered essentially the same at both stations. It
appeared, therefore, that prorating the nitrogen yield
from upstream of Port Vincent to the whole Lake
Maurepas basin was a reasonable extrapolation for
both water yield and concentration.
The nitrogen yields for the other basins were es-
timated as the product of a uniform water yield for
the entire basin and a prorated nitrogen concentration
for that portion of the basin that had sufficient wa-
ter quality documentation (i.e., more than 10 years of
data; n > 100). The average annual concentration was
multiplied by the seasonal discharge to arrive at an an-
nual loading rate. Monthly loading rates were prorated
according to discharge.
Leakage from the Bonnet Carré spillway
The Bonnet Carré Spillway (Fig. 1) diverts Mississippi
River water into Lake Pontchartrain during exception-
ally high water. The 3450 ha spillway was completed
in 1931 and is located about 19 km (33 miles) up-
stream from New Orleans on the left descending bank.
The spillway’s designed capacity is 7080 m3 s−1and
has been used to reduce floodwater heights eight times
since 1937.
The Bonnet Carré spillway structure allows water
to pass through it when the spillway is not officially
opened. The removable wooden pins in place when the
spillway is closed do not completely block river water
from passing through the structure when the river stage
is high enough. This leakage appears to have been an
intentional consequence of an engineering design im-
plemented when the spillway was constructed during
the early 1930s. The expected leakage was presumed
to provide a nutrient addition to the Lake which would
stimulate fisheries production.
Leakage only occurs when the flood stage exceeds
the height of the weir immediately in front of the
spillway, which is at 3.75 m (12.3 ft) National Geo-
detic Vertical Datum (NGVD) at the New Orleans
gage. These river stage data are available from the
United States Army Corps of Engineers (USACOE;
New Orleans District) for 1935 through 2000. The
USACOE developed an empirically-defined formula
to estimate flow across the spillway using only river
stage height. The river’s stage height is determined by
the cross-section area of the river channel and the dis-
charge. While the cross-section of the river has been
stabilized by flood protection levees, the discharge
diminished this century as more water was diverted
into the Atchafalaya Basin upstream of New Orleans,
near St. Francisville. The percentage diverted into the
Atchafalaya Basin is presently set at about 30% of
the Mississippi River flow, and stabilized by 1950.
We used the daily average stage height from 1950 to
2000 to determine the anticipated leakage volume for
the present study. Discharge during periods when the
spillway was operational is not included in these daily
volumetric estimates of leakage.
Nutrient concentrations in the Mississippi River
watershed have changed this century with landuse pat-
terns in the watershed (Turner & Rabalais, 1991). The
annual average concentration of nitrate, the dominant
inorganic nitrogen ion, tripled since the early 1950s,
and the seasonal distribution has shifted so that the
peak is in the spring (Turner & Rabalais, 1991). Most
of the increased loading of nitrogen appears as ni-
trate, not organic nitrogen. We used data collected
from 1978 to 2000 by the Louisiana Department of
Environmental Quality on average inorganic and total
nitrogen concentration for the Mississippi River at St.
Francisville, La, The annual average nitrogen concen-
tration from this station are statistically-similar to the
data records for samples collected at stations above
the sewerage plant in New Orleans, which is down-
stream from the spillway (Turner & Rabalais, 1991).
The average monthly value was multiplied by the daily
average leakage volume to arrive at a daily nitrogen
loading estimate.
When the floodway is opened to maximum capa-
city, then the floodwaters move quickly from river to
Lake and there is virtually no change in the constituent
concentrations, except that heavy sands may fall out
of suspension. It is possible that some of the nitrogen
entering the spillway will not enter Lake Pontchartrain
when very low amounts of water pass through the
spillway. Nitrogen transformation, addition, or loss
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Table 3. N retention in water flowing across the Bonnet Carré spillway in spring,
1998 and 1999, arranged in order of sampling for each month. Note that % gain
= “-”, ND = no data. TKN=total Kjeldhal nitrogen; TN=total nitrogen; TP=total
phosphorus. Water quality was measured on multiple samplings for each of three
separate periods when stage heights were sufficient to allow water to leak through
the spillway structure
Leakage % Loss
Year Event Month Day m3 s−1 TKN TN Nitrate TP
1998 1 4 2 10.5 ND ND 49 ND
1998 1 4 6 11.4 −190 −28 45 55
1998 1 4 8 13.7 62 42 21 59
1998 1 4 13 9.4 −44 6 25 95
1998 2 5 6 21.9 ND ND 50 ND
1998 2 5 13 55.5 −115 −35 −4 ND
1998 2 5 18 40.2 −144 −38 22 0
1998 2 5 21 38.9 −79 −24 2 88
1999 3 2 11 23.4 ND ND 34 ND
1999 3 2 19 71.8 ND ND −8 ND
1999 3 2 23 19.1 ND ND −1 ND
might occur as water passes through the spillway land.
How much nitrogen might be removed during this pas-
sage was addressed in an earlier report (Turner, 1999)
and we supplement those analyses here with addi-
tional sampling. Water samples were collected within
the spillway near where riverwater enters the spillway
and just before it leaves the spillway to enter Lake
Pontchartrain. Samples were collected during flooding
cycles. Eight samples were collected in spring 1998,
and three were collected during one event in 1999, at
discharges ranging from 9.4 to 71.8 m3 s−1. The data
are in Table 3.
The reduction in nitrate concentration in water
flowing through the Bonnet Carré Spillway is depend-
ent on at least two factors. The dominant factor is the
loading rate, which is inversely related to the percent
reduction. The second factor is somehow related to
how long the water has flowed over the spillway sur-
face. The percent nitrate reduction was higher at the
rise of the flood event, and then is lower at the end
of the flood event in all three sampling periods (Table
3). The percent TN and the percent TKN removed
was often negative (Table 3; i.e., a net release of TN
or TKN). The reduction in nitrate concentration may
not have been entirely due to denitrification, but may
also have been because of the conversion of nitrate
to either nitrite or ammonia, or organic nitrogen. A
release of the stored nitrogen to the overflowing water
is indicated.
Two estimates of nitrogen loading from leakage or
small-scale diversions were calculated using the above
information. In the first case, loading was estimated
assuming that all nitrogen in water entering the spill-
way also entered the Lake. Another estimate was made
using the data in Table 3 to estimate the percent change
in TN and DIN as a function of discharge volume.
A simple regression equation was developed to calcu-
late the percent change at different discharge rates and
then multiplied by the loading estimate assuming no
nitrogen transformation occurred. The annual average
loading of TN and DIN using this second estimate was
0 and 31% lower, respectively, than under the assump-
tion that no changes occurred with passage over the
spillway.
Opening of the Bonnet Carré spillway
When opened, the Bonnet Carré introduces large
amounts of N-rich Mississippi River water into Lake
Pontchartrain during high river stages. The nitrogen
loading to the Lake for the 1997 opening was estim-
ated by Turner et al., (manuscript) using water quality
records of nitrate and total nitrogen taken during the
diversion event. The same approach was used to es-




Several proposed diversions are being studied as part
of a coastal wetland restoration evaluation which may
address questions about nutrient transformation in the
floodway, if the swamp forest is in decline, or if flood-
ing would decrease plant productivity, as elsewhere
(e.g., Megonigal et al., 1997). The merits of whether
wetland restoration is appropriate, needed, or will suc-
ceed might include consideration of the environmental
changes resulting from a diversion. These diversions,
if implemented, will introduce nutrients into the Lake.
For the purposes of estimating future nitrogen loading
to the Lake, we estimated that a 10 000 cfs (284 cms)
diversion would be operated for 90 days at a nitrogen
concentration equal to the 1978–2000 average at St.
Francisville.
Urban runoff
Rainfall falling into the New Orleans metropolitan
areas of Jefferson and Orleans parishes is pumped into
Lake Pontchartrain from canals draining the city. The
volume and concentration of this urban runoff was cal-
culated using regional long-term rainfall averages and
field sampling to arrive at an annual daily loading to
the Lake, as well as a long-term annual average. Daily
rainfall is from the average of 1960 to 1995 rainfall
at the following weather stations: Boothville, Algiers,
Audubon Park, New Orleans International Airport,
Jefferson, Sewer and Water Board and the Water In-
take. The average annual rainfall was 162.2 ± 11.0
cm (µ ± 1 Std. dev.). Results from engineering studies
done as part of an urban flood study suggest that 60%
of the rainfall will be pumped into the Lake in normal
years (Earl, 1992, cited in Lindsted & Holm, 2000).
The concentration of various nitrogen forms is based
on sampling done at the following pumping stations:
Oneida, 9600 Hayne, Bonnabel, Suburban, Elmwood
and Duncan. Although storage is presumed to occur,
the movement of rainfall from land to lake is assumed
to occur the same day as when the rainfall occurred.
This assumption is not completely accurate, although
pumping engineers suggest that pumpage is complete
after 2–3 days in almost all instances. The area under
pumpage was estimated to be 134 km2.
Atmospheric loading to Lake Pontchartrain and Lake
Maurepas
Rainfall has significant concentrations of both inor-
ganic and organic nitrogen which may be in suf-
ficient quantities to stimulate phytoplankton growth
in some estuaries (Paerl et al., 2000). The NOAA
and the EPA recently sponsored a project to estim-
ate these atmospheric nitrogen flows into estuaries
and their watersheds which culminated in a summary
document covering 42 U.S. estuaries (Valigura et al.,
2000). Among these estuaries was the West Missis-
sippi Sound estuary. This estuary had geographical
boundaries which included the Pearl River (the east-
ern border of this study area) and Lake Pontchartrain
watersheds, as well as Mississippi Sound (southeast-
ern edge of this study area) making it about 3× larger
than the Lake Pontchartrain watershed. These airshed
deposition rates included corrections for a reduction
of dry deposition over water (Meyers et al., 2000)
that result in virtually all nitrogen to be in an inor-
ganic form. We used the annual nitrogen loading for
the West Mississippi Sound airshed to water (7.66
kg ha−1 yr−1) to estimate a daily average concentra-
tion of DIN and TN into the surface water of Lake
Pontchartrain and Lake Maurepas. This average con-
centration was multiplied by the same daily rainfall
data for the New Orleans weather stations used to cal-
culate urban runoff. Water from Lake Maurepas was
presumed to enter Lake Pontchartrain without a sig-
nificant transformation of nitrogen forms while it was
within Lake Maurepas. This assumption is approxim-
ately correct, because the nitrogen concentration from
the watershed going into Lake Maurepas is about the
same as where Lake Maurepas water enters Lake (see
below), which also indicates that there is minimal ni-
trogen fixation, denitrification or dilution of nitrogen
of water within Lake Maurepas.
Nitrogen fixation
Anabaena spp., primarily Anabaena cf. circinalis,
were the only nitrogen fixing cyanobacteria present
during sampling from 1997 through 1999. There was a
large bloom in June, 1997, in response to the opening
of the Bonnet Carre Spillway. A much smaller bloom
occurred in 1998 when water flows and salinities were
more normal. There were no blooms observed in 1999
when salinities were above those tolerated by Ana-
baena spp. Nitrogen fixation in Anabaena occurs in
specialized cells called heterocysts, which are read-
ily distinguished from vegetative, non-nitrogen fixing
cells.
Nitrogen fixation was not measured directly, but
maximum and minimum rates were estimated from
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heterocysts counts and literature values of nitrogen
fixation rates per heterocyst (Ogawa & Carr, 1969;
Horne et al., 1972, 1979; Horne & Goldman, 1972;
Brattberg, 1977; Hubel & Hubel, 1980; Kellar &
Paerl, 1980; Levine & Lewis, 1984, 1985; Horne
& Galat, 1985; Lindahl & Walstrom, 1985; Riddols,
1985; Huber et al., 1986; McFarland & Toetz, 1988;
Howarth et al., 1993; Findlay et al., 1994). This is
possible because there is usually a linear relationship
between numbers of heterocysts and rates of nitrogen
fixation (see above references), although there are a
few exceptions (Uehlinger, 1981; Viner, 1985). Max-
imum and minimum nitrogen fixation/heterocyst were
chosen to cover the range of literature values of ni-
trogen fixation/heterocyst. These variations are caused
by the effect of environmental conditions on nitro-
gen fixation rates (Paerl, 1996), species differences,
and uncertainties in the conversion of nitrogen fixation
measured by acetylene reduction methods to actual ni-
trogen fixation rates (Howarth et al., 1988; Moisander
et al., 1996).
Samples for heterocyst counts were collected bi-
weekly to monthly from 1997 to 1999 from the surface
at stations along a bridge across the center of the lake
(Causeway Bridge) and around the Lake near major
inlets and outlets (see Turner et al. (2001) for de-
tails). They were then concentrated by filtration on
8 µm polycarbonate filters, stained with proflavine,
and viewed using epifluorescence microscopy (Dortch
et al., 1997). Maximum and minimum hourly rates
of nitrogen fixation (pg liter−1 hr−1) were calcu-
lated by multiplying the number of heterocysts by
the maximum (1.48 pg N heterocyst−1 hr−1 from
Lindahl & Walstrom, 1985) and minimum (0.41 pg
N heterocyst−1 hr−1from Findlay et al. (1994), di-
vided by three according to Moisander et al. (1996))
literature values for nitrogen fixation.
Several assumptions were made in order to cal-
culate rates on a lake-wide daily basis and, then, an
annual basis:
(1) A daily rate was calculated by assuming that nitro-
gen fixation occurred at a constant rate throughout
the light period. The day length during the period
when heterocysts were present ranged from 12–14
hours, so an average value of 13 hours/day was
used.
(2) During the day, it was assumed that the posit-
ively buoyant Anabaena spp. were located in a
near-surface layer, so that nitrogen fixation only
occurred in the upper 0.5 m.
(3) There was insufficient horizontal spatial data to
account for patchiness in Anabaena spp. and het-
erocyst abundance, so it was assumed that the
mean heterocyst abundance at all stations could be
calculated for each date and used to represent the
entire Lake.
(4) Maximum and minimum daily values for an an-
nual nitrogen budget were estimated by making
a linear interpolation of the values for data from
sequential sampling dates for 1998, assuming this
was a normal year. Because there was no appar-
ent nitrogen fixation in 1999, which was a drought
year, the actual value for other years without an
opening of the spillway may have been overestim-
ated.
Unmeasured sources of nitrogen
We could not determine reliable estimates for ni-
trogen loading from groundwater, or the westward
flows of the Pearl River into the Lake at its estuar-
ine entrance. Artesian wells are on the north shore of
Lake Pontchartrain and some groundwater may enter
through lake bottoms. Turbid water from the Pearl
River is sometimes seen on satellite imagery hugging
the northeastern shore of the Lake.
Population density
The population density for the watershed was based
on the census records for the watershed, which in-
cluded East Baton Rouge, East Feliciana, Livingston,
St. Helena, St. Tammany, Tangipahoa and Wash-
ington parishes. The parishes of the New Orleans
metropolitan area were excluded because the runoff
drains outside of the study area (with the exception
of the pumped runoff). The average population dens-
ity (# individuals km−2) was 62 and 67 in 1980 and




The trends in nitrogen concentration for the major
rivers entering Lake Pontchartrain are shown in Fig-
ure 2. The concentration of TN and nitrate (mg N l−1)
have not changed much over the last 20 years. The ni-
trogen concentration in the smaller tributaries around
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Figure 2. Average annual concentration of TN and nitrate (mg N l−1) for rivers in the Lake Pontchartrain watershed. Data are from sampling
monitoring results of the Louisiana Department of Environmental Quality.
Figure 3. Thirty-day running averages of sources of nitrogen load-
ings to the Lake Pontchartrain from (top to bottom) watershed,
pumped urban runoff, atmosphere, and fixed nitrogen. Note the
change in scale of the Y axis.
Figure 4. The seasonal distribution of leakage from the Bonnet
Carré of TN and nitrate into Lake Pontchartrain in an average year.
The upper panel is an estimate of leakage assuming no changes in
nitrogen as water passes over the spillway. The lower panel assumes
that the empirically-defined increases in nitrogen occur as water
moves over the spillway and into the Lake.
Mandeville and Slidell, however, are relatively higher,
and have increased in the last 10 years.
The nitrogen concentrations are given in Table 4,
together with the basin size and sample number. With
only a few exceptions, and these are for the smal-
lest drainage areas, the average concentration of total
nitrogen (TN) is about 1 mg l−1 with a standard de-
viation between 0.2 and 0.5. Nitrate tends to be about
25% of the total nitrogen concentration. Ninety-four
percent of the watershed had enough data on nitrogen
concentration and water yield to estimate the nitrogen
yield. The remaining 4% was prorated by the average
value in the watershed.
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Table 4. The average concentration of TN and nitrate and TKN for LA DEQ stations ± 1 std. dev.(n=number of samples or annual averages).
Estimates (ca.) are indicated
Station TN Nitrate
Amite Basin (4713 km2)
@ Port Vincent (4135 km2) Annual Average (n = 20) 1.1 ± 0.2 0.22 ± 0.04
Sample Average (n = 225) 1.1 ± 0.4 0.22 ± 0.1
Sample Average (n = 12; 1997) 0.82 ± 0.3 0.14 ± 0.07
Tickfaw Basin (1885 km2)
@ Springfield (ca. 1293 km2) Annual Average (n = 23) 0.89 ± 0.2 0.23 ± 0.04
Sample Average (n = 212) 0.92 ± 0.4 0.23 ± 0.1
Natalbany (565 km2)
@ Pontchatoula (ca. 549 km2) Annual Average (n = 6) 1.21 ± 0.1 0.36 ± 0.02
Sample Average (n = 45) 1.23 ± 0.5 0.35 ± 0.2
Pass Manchac Basin (8404 km2) Sample Average (n = 31; 1997) 0.86 ± 0.3 0.21 ± 0.1
Tangipahoa Basin (1998 km2)
@ Robert (1674 km2) Annual Average (n = 23) 0.93 ± 0.2 0.29 ± 0.06
Sample Average (n = 259) 0.93 ± 0.5 0.29 ± 0.1
@ Arcola (ca. 891 km2) Annual Average (n = 22) 1.03 ± 0.27 0.32 ± 0.06
Sample Average (n = 173) 1.01 ± 0.6 0.32 ± 0.2
@ Kentwood (614 km2) Annual Average (n = 21) 0.94 ± 0.2 0.32 ± 0.05
Sample Average (n = 224) 0.92 ± 0.4 0.32 ± 0.1
Tchefuncta Basin (1167 km2)
@ Madisonville (ca. 1036 km2) Annual Average (n = 19) 0.86 ± 0.2 0.12 ± 0.03
Sample Average (n = 213) 0.92 ± 0.4 0.13 ± 0.09
@ Covington (376 km2) Annual Average (n = 21) 0.93 ± 0.2 0.28 ± 0.07
Sample Average (n = 187) 0.91 ± 0.5 0.26 ± 0.2
Bayou Cinchuba (28.8 km2)
@ Mandeville (ca. > km2) Annual Average (n = 8) 2.21 ± 0.6 0.39 ± 0.2
Sample Average (n = 42) 2.23 ± 1.0 0.34 ± 0.3
Cane Bayou (25.2 km2)
@ Mandeville (ca. > 14 km2) Annual Average (n = 8) 1.43 ± 0.2 0.16 ± 0.2
Sample Average (n = 42) 1.39 ± 0.6 0.12 ± 0.2
Bayou Bonfouca (190 km2)
@ Slidell (ca. >90 km2) Annual Average (n = 8) 1.15 ± 0.2 0.2 ± 0.2
Sample Average (n = 42) 1.11 ± 0.4 0.2 ± 0.2
Lacombe Bayou (249.2 km2)
@ Slidell (ca. >100 km2) Annual Average (n = 8) 0.93 ± 0.3 0.14 ± 0.2
Sample Average (n = 41) 0.92 ± 0.6 0.13 ± 0.2
Others:
Intervening area of Tangipahoa Basin (532.9 km2)
Intervening area of Tchefuncta Basin (12.5 km2)
Little Bayou Castine (21.4 (km2) Bayou des Mats (17.7 km2)
Salt Bayou (40.8 km2) Bayou Castine (21.4 km2)
Intervening area near Rigolets (78.3 km2)
Lake Pontchartrain watershed area less surface of lakes Maurepas and Pontchartrain = 12 527 km2
Basin area without water quality estimates = 728 km2 (6% of total watershed area)
Basin area with stations used to estimate Nitrogen loading = ca. 11 801 km2
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The total amount of TN and nitrate arriving from
the watershed each year is about 7.77 and 1.66× 106
kg N, respectively. The peak in loading from the wa-
tershed to the Lake occurs in the spring and summer,
when discharge rates are at the seasonal high (Fig. 3).
Pumped urban runoff
The total amount of pumped urban runoff from the
metropolitan area of New Orleans into the Lake is
1.01–1.66× 106 kg N y−1. About 37% of this amount
occurs as nitrate. The average seasonal distribution of
this loading is shown in Figure 3, and shows a peak in
late summer and fall, and a low in early winter, which
is primarily the result of rainfall patterns.
Atmospheric sources
The annual amount of atmospheric deposition to the
Lake is 1.25 × 106 kg N y−1 into Lake Pontchartrain
and 0.18 × 106 kg N y−1 into Lake Maurepas. The
seasonal proportions are very similar to those of urban
runoff (Fig. 3).
Leakage
The total amount of water and nitrogen entering Lake
Pontchartrain by way of leakage of Mississippi River
water through the Bonnet Carré spillway structure var-
ies considerably from year to year (Fig. 4). The annual
load (TN) ranged from zero to 4.0 × 106 kg N and
averaged 0.71 × 106 kg N from 1935 to 2000. The
average annual load at the water discharge rates ex-
isting from 1950 to 2000, and at present-day nitrogen
concentration is 0.49 × 106 kg N. The seasonal dis-
tribution of this load is mostly weighted to be in the
spring, when river stage is at its peak (Fig. 4).
Nitrogen fixation
The total amount of nitrogen added to the Lake in an
average year (1998, in this case; 1997 was a spillway
diversion year, and 1999 and 2000 had very low dis-
charges, and higher-than-average salinities, and thus
no nitrogen fixing cyanobacteria) ranged from 0.1 to
0.16 × 106 kg N y−1 (Table 5). This is a very small
amount compared to urban runoff sources and atmo-
spheric inputs (about 10%). The seasonal distribution
of this source of new nitrogen is in the late summer
(Fig. 3).
Table 5. Estimates of nitrogen fixation in Lake Pontchartrain on an
annual basis
Million kg N m−2 yr−1
Year Minimum Maximum
1997 (diversion opened) 0.03 0.95
1998 0.00 0.16
1999 (drought year) 0.00 0.00
Figure 5. Thirty-day running averages of various nitrogen loadings
to the Lake Pontchartrain watershed.
Opening of the Bonnet Carré
Opening of the Bonnet Carré adds an enormous
amount of nitrogen to the Lake (Table 6). Even the
much smaller proposed diversions add large amounts
because of the comparatively longer time that they
would be open. The 1997 opening of the spillway in-
troduced about three times more nitrogen to the Lake
in 30 days than comes into the Lake annually from the
watershed.
Total nitrogen budget
A summary of the various estimates is in Table 7. The
total loading to the Lake in an average year (without
a diversion) is about 11 × 106 kg N, of which about
three-fourths is from the watershed. The smallest
amount comes from nitrogen fixation. The occasional
Bonnet Carré floodway openings deliver many times
more nitrogen in a few months than the total of the
nitrogen loading for an ‘average’ year without a diver-
sion opening. Leakage from the Bonnet Carré spillway
in an average year is twice that pumped from the
metropolitan New Orleans area. A small diversion op-
erated at 284 cms for 3 months would increase the
average TN and DIN loading by 43 and 79%, respect-
ively. The two-month long 1997 diversion increased
the average TN and DIN loading by 227 and 410%,
respectively.
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Table 6. The loading rates of water and nutrients during three contrasting spillway di-
versions into Lake Pontchartrain. Column 1 is the diversion volume as a percentage
of the volume of Lake Pontchartrain. Column 2 is the estimated cumulative nitrogen
loading during the entire diversion (or year) that occurs as nitrate (the dominant dissolved
nitrogen form in the Mississippi River source water). Column 3 is the maximum nitrogen
loading remaining in Lake Pontchartrain assuming a 2% daily loss due to tidal flushing
(1) (2) (3)
% Equivalent Cumulative Maximum daily
volume of lake nitrate N loading total N loading
Year (106 kg N) (106 kg N)
1979 opening 227 24.5 16
1997 opening 199 16.2 8.4
Proposed small diversion 38 3.08 4.1
(10 000 cfs)
The seasonal distribution of the total loading in
a year without the floodway being opened is skewed
towards the spring (Fig. 5). The proportion of load-
ings for TN and DIN from various sources are not
constant throughout the year (Fig. 6). Direct atmo-
spheric deposition onto the Lake is a surprisingly
large amount of the nitrate loadings (>50% in winter
months), whereas the TN loadings are dominated by
watershed sources throughout the year.
Discussion
The estimates of watershed yields for this watershed
compare well with other estimates (Table 8). Differ-
ences among these estimates may be attributed to the
length of the water discharge and water quality record
and the size of the watershed included. The average
value for this study (777 Kg N km2 yr−1) is about
10% higher than that of Waldon & Bryan (1999) who
did not give the data record lengths, but the discharge
records they used ended in 1992 and the water qual-
ity measurements in 1993. We are therefore fairly
satisfied with the comparison.
The majority of nitrogen loading to Lake
Pontchartrain in an ‘average’ year comes by way of
rivers, and the least amount from nitrogen fixation.
The two weakest parts of these estimates are the es-
timates of nitrogen fixation and of the gain or loss
of nitrogen as it passes through the spillway when
leakage occurs. We did not conduct the desired field
measurements of nitrogen fixation, but relied on con-
versions based on results from other studies. The data
on loss and gain of various nitrogen forms during
leakage events as water flowed through the spillway
Figure 6. The seasonal distribution of all sources of nitrate (DIN;
upper panel) and total nitrogen (TN; lower panel) into Lake
Pontchartrain in an average year as a percentage of the total amount
of DIN (100%) or TN (100%).
were from only three flooding events (albeit eleven
sampling trips). Despite these presumed weaknesses,
the calculations showed, clearly, that these sources and
possible errors represent a relatively small nitrogen
load in comparison to the loadings from rivers.
A reasonable question from water quality man-
agers would be: “how much of this nitrogen loading
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Table 7. Summary of the estimates for an average annual N budget for Lake Pontchartrain
(1) (2)
Dissolved Inorganic
Total Nitrogen (TN) Nitrogen (DIN) % DIN
(Million kg N) (Million kg N) (Col. 1/Col. 2)
A. Source
1. Pumped urban runoff 1.01 0.37 37
2. Leakage from Bonnet Carré (uncorrected) 0.49 0.32 65
3. Atmospheric
3a. Lake Pontchartrain 1.25 1.25 100
3b. Lake Maurepas 0.18 0.18 100
4. Nitrogen fixation
4a. 1997 – spillway opened 0.04–0.95 0 0
4b. 1998 – ‘normal’ year 0.1–0.16 0 0
4c. 1999 – dry year 0 0 0
5. Watershed 7.77 1.66 32
6. Bonnet Carré opening
6a. 1979 24.5 16 65
6b. 1997 16.2 16.2 65
7. Total Loading for an average Year
without a diversion, and with 1998
nitrogen fixation rates 10.9 3.9 36
8. Proposed diversion of 10 000 cfs (284 cms)
operating for 3 months 4.95 3.08 62
(1) (2)
TN Yield DIN Yield % DIN
B. Watershed Yield (kg N km−2) (kg N km−2) (Col. 1/Col. 2)
9. Watershed Yield based on
9a. Estimate from 7 867 314 36
9b. Above estimate (9a) less urban
sources (1) and leakage (2) 747 259 35
9c. Watershed (5) 620 133 21
is a consequence of human activities within the land-
scape?”. We can address this question by looking at
how the present loading compares to the loading in a
‘pristine’ environment, or at least one with low popu-
lation density. The ‘original’ landscape existing before
agricultural exploitation and urbanization would have
had an annual nitrogen loading rate of about 90 × 106
kg N (Nixon, 1997; Turner et al., 2000). We may as-
sume, therefore, that the 10-fold increase in loading
into the Lake Pontchartrain watershed is primarily due
to anthropogenic influences on the watershed and air-
shed. This growth probably took place in the last 180
years as population in the metropolitan area of New
Orleans also expanded 10-fold.
How do these loadings compare to those of other
watersheds? The variability of nitrogen loading among
coastal estuaries is empirically related to population
density (Fig. 7), except for large watersheds with
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Table 8. Estimates of the nitrogen yield from the estuarine watershed normalized to area. These estimates are exclusive of any nitrogen loading
from the atmosphere to the estuarine surface, or from diversions, urban runoff or groundwater. Only nitrogen loading delivered to the estuary
in rivers is included
Area Yield
Watershed (Km2) (Kg N km2 yr−1) Source
Lake Pontchartrain 12 763 777 This study
" 12 853 664 Waldon & Bryan (1999)
" and Pearl River 44 448 508 Alexander et al. (2000)
" 38 407 649 Castro et al. (2000)
Mississippi Sound 69 671 662 Anon (no date)
including Lake Pontchartrain
Figure 7. The variation in nitrogen loading rates in various US es-
tuaries as a function of population density (based on data from this
study and in Turner et al., 2000).
most of the landscape in row crops. In comparison to
these other basins, the nitrogen loading in the Lake
Pontchartrain watershed is relatively low. However,
the nitrogen loading from the Lake Pontchartrain basin
is about two to three times higher than one would an-
ticipate on the basis of population density alone. A
plausible explanation for this result is that treatment of
livestock waste and public sewerage in the watershed
is minimal, as evidenced by the occasional high coli-
form densities observed in the streams. These densities
are high often enough that the State posts various wa-
ter quality and health warnings to recreational boaters
and swimmers.
These data provide a means to evaluate various
strategies for reducing nitrogen loadings and their con-
sequences, especially in light of future population
growth, land use changes, water quality and wetland
restoration efforts, and also of potential economic de-
velopments. One scaling factor available is to use the
2.95 Kg N per capita loading shown in Figure 7. This
per capita loading can be used to express the nitro-
gen loadings from different sources as ‘population
equivalents’. These estimates are in Table 9. What
they show is that urban runoff and leakage, which are
controllable nitrogen loadings, are each equivalent to
the nitrogen released by several hundred thousands of
people. A 25% reduction in nitrogen yield from the
watershed would result in the watershed releasing an
equivalent nitrogen yield of a population of about 2
million persons. To maintain current water quality and
simultaneously implement a small river diversion (for
purposes of wetland restoration) operated for three
months/yr would require that pumped urban runoff
and leakage through the Bonnet Carre spillway be re-
duced to zero and, also, a 25% reduction in riverine
watershed loading.
The causal relationship between nitrogen loading
and phytoplankton production is a well-recognized
general relationship amongst estuaries (e.g., Nixon,
1992). This coupling between loading and phyto-
plankton response is not completely coincidental
throughout the year, however. The loading of TN and
DIN is highest in the spring, but the concentration of
phytoplankton pigments is in the late summer. The
difference between the timing of nitrogen loading and
the peak in phytoplankton pigments in the Lake may
be attributed to the greater water clarity in the summer
(when winds are light), which is favorable for phyto-
plankton growth. The highest phytoplankton biomass
accumulation would occur under low winds, good wa-
ter clarity and high nitrogen loading. The peak in
phytoplankton response in the Lake is thus affected by
not only the amount of N loading, but also the flushing
rate and the length of time between N loading peak and
water clarity increases. If reducing the size of the sum-
mer algal blooms is important to policy makers, then
reducing the springtime loading of N leading through
the spillway structure, and shortening the opening of
the flood gages would be important.
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Table 9. Population equivalents of the nitrogen loading to Lake Pontchartrain,
based on the estimates in Table 7 and a per capita annual loading of 2.95 kg N
yr−1. The New Orleans Metropolitan area is not included (except for pumped
urban runoff) because its sewerage is treated and disposed outside of the Lake
Pontchartrain watershed
Population equivalents
Loading source (@ 2.95 Kg N per capita)
1. Pumped urban runoff 346 000
2. Leakage from Bonnet Carré 168 000
3. Atmospheric from both lakes 490 000
4. Nitrogen fixation - 1998 55 000
5. Watershed 2 661 000
6. Bonnet Carré opening in 1997 8 390 000
7. A 10 000 cfs diversion operated for 3 months 1 623 000
and assuming no net nitrogen removal
Estimated 1990 Population of watershed: 820 000
(exclusive of New Orleans Metropolitan area)
Management of nitrogen loading into the wa-
tershed is obviously a feasible proposition. The
consequences of future nitrogen loadings resulting
from population growth on the north shore of Lake
Pontchartrain can be prevented by standard sewerage
treatment of existing non-point sources, from treat-
ment or diversion of pumped urban runoff, and by
sealing the leakage of water passing through the Bon-
net Carré. On the other hand, the positive benefits
of these actions might be overwhelmed by increas-
ing nutrient flows through a small diversion, as well
as from more frequent openings of the Bonnet Carré
spillway necessitated from higher river stages caused
by global climate change. The positive conclusion of
an analysis of this nitrogen budget is that it appears
that management of the Lake’s nitrogen loading is pos-
sible, and that water quality in the Lake could improve
greatly even with the anticipated urban expansion on
the northern shore of the Lake. The analysis demon-
strates that the consequences of ecosystem restoration
efforts, continued population growth and flood pro-
tection to estuarine nitrogen budgets are intertwined
with each other, have a seasonal component, and are
changing as policies evolve.
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